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Abstract 

Background and Aims: Specific hyper-responsiveness towards an allergen and non-specific airway hyperreactivity both 
impair quality of life in patients with respiratory allergic diseases. We aimed to investigate cellular responses following 
specific and non-specific airway challenges locally and systemically in i) sensitized BALB/c mice challenged with grass pollen 
allergen Phi p 5, and in ii) grass pollen sensitized allergic rhinitis subjects undergoing specific airway challenge in the Vienna 
Challenge Chamber (VCC). 

Methods and Results: BALB/c mice (n = 20) were intraperitoneal^ immunized with grass pollen allergen Phi p 5 and 
afterwards aerosol challenged with either the specific allergen Phi p 5 (n = 10) or the non-specific antigen ovalbumin (OVA) 
(n = 1 0). A protocol for inducing allergic asthma as well as allergic rhinitis, according to the united airway concept, was used. 
Both groups of exposed mice showed significantly reduced physical activity after airway challenge. Specific airway 
challenge further resulted in goblet cell hyperplasia, enhanced mucous secretion, intrapulmonary leukocyte infiltration and 
lymphoid follicle formation, associated with significant expression of IL-4, IL-5 and IL-13 in splenocytes and also partially in 
lung tissue. Concerning circulating blood cell dynamics, we observed a significant drop of erythrocyte counts, hemoglobin 
and hematocrit levels in both mouse groups, challenged with allergen or OVA. A significant decrease in circulating 
erythrocytes and hematocrit levels after airway challenges with grass pollen allergen was also found in grass pollen 
sensitized human rhinitis subjects (n = 42) at the VCC. The effects on peripheral leukocyte counts in mice and humans 
however were opposed, possibly due to the different primary inflammation sites. 

Conclusion: Our data revealed that, besides significant leukocyte dynamics, particularly erythrocytes are involved in acute 
hypersensitivity reactions to respiratory allergens. A rapid recruitment of erythrocytes to the lungs to compensate for 
hypoxia is a possible explanation for these findings. 

Citation: Jordakieva G, Wallmann J, Schmutz R, Lemell P, Wegmann M, et al. (2014) Peripheral Erythrocytes Decrease upon Specific Respiratory Challenge with 
Grass Pollen Allergen in Sensitized Mice and in Human Subjects. PLoS ONE 9(1): e86701. doi:10.1371/journal.pone.0086701 

Editor: Bernhard Ryffel, French National Centre for Scientific Research, France 

Received September 27, 2013; Accepted December 10, 2013; Published January 22, 2014 

Copyright: © 2014 Jordakieva et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited. 

Funding: This work was supported by an SFB project F4606-B19 of the Austrian Science Fund and partially by the German Research Foundation (Cluster of 
Excellence EXC306). Further support was contributed by the Vienna Science and Technology Fund (project LS07-058). The funders had no role in study design, 
data collection and analysis, decision to publish, or preparation of the manuscript. 

Competing Interests: The authors have declared that no competing interests exist. 

* E-mail: erika.jensen-jarolim@meduniwien.ac.at 

9 These authors contributed equally to this work. 



Introduction 

The prevalence of allergy mediated medical conditions is 
increasing worldwide and currently affecting approximately a fifth 
of the world population. [1] Especially allergic airway diseases are 
associated with significant quality of life limitations in affected 
patients. [2] Although less limiting than bronchial asthma, allergic 
rhinitis has been described as a global health concern causing 
major illness and disability worldwide. [3] Allergic rhinitis and 



allergic asthma are often found in the same patients and 
considered manifestations of the same inflammatory disease 
emphasized in different parts of the airways [2,3]. 

Allergic asthma is defined as a chronic inflammatory disorder of 
the lower airways and is characterized by airway inflammation, 
persistent airway hyperresponsiveness (AHR) and intermittent 
acute, reversible airways obstruction. [4] Typically, the IgE- 
mediated, immediate obstruction is followed by a late phase 
reaction triggered by the release of inflammatory mediators like 
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leukotrienes and cytokines (i.e. IL-4) from cells recruited to the 
lungs. This results in respiratory and, consequently, physical 
deficits of affected patients for a considerable time after an asthma 
attack. Additionally, in the absence of allergen, even exposure to 
unrelated antigens may trigger shortness of breath and wheezing, 
again limiting lung function and thus, seriously affecting the 
patients' quality of life. Pallor is an additional well known clinical 
sign of severe asthma and has recently been described to occur in 
10% of emergency cases [5]. 

Although mouse models of respiratory allergies exhibit some 
limitations compared to the human disease, they have provided 
important information about the conditions necessary for allergen 
sensitization. The common basis for the induction of Th2-type 
airway inflammation in mice is systemic sensitization followed by 
aerosol or intranasal challenges with the allergen. [6] Using this 
protocol renders an phenotype in mice mirroring the united 
airway concept in human patients, characterized by eosinophilic 
nasal and bronchial inflammation, increased Th2-type cytokines 
and antibody levels, mucus hyper-secretion and airway hyper- 
responsiveness. [7] However, the expression of each of these 
parameters can vary within the disease, with other sensitization 
protocols used [8,9]. 

With respect to the profound impairment of capability in 
allergic airway diseases, we aimed to analyze peripheral blood cell 
dynamics during specific and non-specific aerosol allergen 
challenge in this study. For this purpose, data from BALB/c mice 
sensitized to Phi p 5 followed by aerosol challenges with allergen or 
non-specific control antigen was compared to data from grass 
pollen sensitized human rhinitis subjects who underwent airway 
challenge with specific allergen in the Vienna Challenge Chamber. 

Methods 

Mouse Study 

Immunization of mice. BALB/c mice (female; 6-10 weeks) 
were purchased from Charles River Laboratories (Sulzfeld, 
Germany GmbH) and treated according to European Community 
rules of animal care [10] with the permission of the Austrian 
Ministry of Science (BMWF-66.012/0015-CIGT/2007); study 
approval was granted by the Ethics Commission of the Medical 
University of Vienna. BALB/ c mice (n = 20) were immunized 
intraperitoneally (i.p.) with rPhl p 5a (10 |i g/100 JU 1 PBS) on days 
0 and 21. Ten days later, mice (n = 10) were aerosol challenged 
with nebulized rPhl p 5a or OVA (protein and plasmid kindly 
provided by Prof. Arnd Petersen, Research Institute Borstel, 
Germany) (0.25 mg rPhl p 5a/ 100 ml PBS/challenge or Ovalbu- 
min from chicken egg white 1 % / 1 00 mL PBS/challenge) with an 
ultrasonic nebulizer (Kendall, Aerodyne X, MTE Medizintechnik, 
Oldendorf, Germany) for 60 min twice daily with a four hours 
interval, on two consecutive days (day 31 and 32). Control groups 
were sensitized either with rPhl p 5a (n = 5) or PBS (n = 5) on days 
0 and 21 and aerosol challenged 10 days later with PBS. One 
mouse group (n = 5) remained naive. Measurements were 
performed on day 31 before, immediately after (day 32) and 48 
hours after aerosol challenges (day 34) (Fig. S2A). 

Assessment of activity. Activity was evaluated using Infra- 
Red Actimeter frames equipped with infrared beam and detector 
units (Bioseb, France). Activity measurements were performed on 
day 31 before aerosol challenges, on day 32 and on day 34 (Fig. 
S2A). 

Arterial blood analysis and differential blood cell counts 
in mice. Arterial blood samples from the tails of mice were 
taken and measured by a radiometer ABL800 FLEX (Wiener 
Neudorf, Austria). Differential blood cell counts were performed 



simultaneously with an Abbott Cell Dyn CD 3500 CS Analyzer, 
Vienna, Austria. 

Measurements on naive mice were performed on day 0 and 
immediately after sensitized mice were aerosol challenged with 
either Phi p 5 or OVA on day 3 1 . Beside red blood cells (RBC) 
and white blood cells (WBC), hemoglobin (HGB) and hematocrit 
(HCT) were assessed by differential blood cell counts. 

Histopathology. On day 35, mice were anesthetized (200 u. 1 
2% Rompun (Bayer, Leverkusen, Germany) and 5 ml Ketanest S 
(5 mg/ml); 600 u. 1 per mouse)) before fixation procedures were 
initiated. Lungs were fixed by intratracheal instillation performed 
with 4% paraformaldehyde in 0. 1 M Sorensen's phosphate buffer 
(12.0 mM NaH2P04, 69.0 mM Na2HP04) (pH 7.4), as de- 
scribed. [1 1] Lungs were embedded into paraffin as described 
earlier. [12] Systematic uniform random samples (SURS) of lung 
tissue were analyzed according to standard methods. Paraffin 
sections of 2 u, m in thickness were stained with periodic-acid- 
Schiff (PAS) for airway epithelial mucus. The surface area of 
mucus-secreting goblet cells (Sgc) per total surface area of airway 
epithelial basal membrane (Sep) and the volume of PAS-stained 
epithelial mucus ( Vmuc) per Sep were determined using a computer- 
assisted Olympus BX6 1 microscope equipped with the newCAST 
stereology tool box (Visiopharm, Hoersholm, Denmark) according 
to following formulas: 

Sgc /Sep = ^ Igc I Ie P 



Vmuc/Sep = LPx ^^Pmuc/lx yVep 



Igc = sum of intersections of test-lines with goblet cells 

Y^, lep = sum of all intersections of test-lines with epithelial basal 
membrane 

Y, Pmuc = sum of all test-points hitting stored mucus 

LP = test-line length per test-point at final magnification (490 x). 

The volume of lymphoid follicles ( Vfot) per total surface area of 
airway epithelial basal membrane (Sep) was determined according 
to the formula: 



Vfol/Sep = LPxJ2Pfol / 2xJ2 Ie P 



Y lep = sum of all intersections of test-lines with epithelial basal 

membrane 

Pfol = sum of all test-points hitting mucus 

LP = test-line length per test-point at final magnification (490 x). 

Eosinophilic infiltration. Paraffin sections of 2 u. m in 
thickness were stained with Congo Red as previously reported [13] 
for the assessment of airway wall infiltration with eosinophilic 
granulocytes. The degree of infiltration within each field of view 
collected according to SURS, was ascribed to one of the three 
scores; (A) no (B) one or (C) two or more eosinophils in the airway 
wall. 
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RNA isolation and quantitative reverse transcriptase 
polymerase chain reaction (qRT-PCR). Total RNA was 
extracted using the Trizol Reagent from Invitrogen (Invitrogen, 
Lofer, Austria) according to the manufacturer's instructions. 
RNA was quantified by measuring the absorption at 260/ 
280 nm using a NanoDrop spectrophotometer (Nanodrop 
Technologies Montchanin, DE, USA). 3(1 g of total RNA 
from each sample were reverse transcribed in a total volume of 
20 u.1 using the high capacity cDNA reverse transcription kit 
(Applied Biosystems, Vienna, Austria), according to the manu- 
facturer's instructions. 2 u. 1 of cDNA were used for amplifica- 
tion by qRT-PCR which was performed with POWER 
SYBR®Green PCR Master Mix on an ABI StepOnePlus 
Realtime PCR System (Applied Biosystems, Vienna, Austria). 
IL-4, IL-5 and IL-13 mRNA levels were quantified by the 
comparative AACT method using the SDS software (Applied 
Biosystems, Foster City, CA, USA). 

For each of the samples, relative expression was normalized to 
the housekeeping gene Hypoxanthine-phophoribosyl-transferase 
(HPRT). Pooled cDNA of naive tissue was used as a calibrator and 
set the value 1 ; the relative expression levels of the other samples 
were compared hereto. Each sample was applied in duplicates. 
Following qRT-PCR program was used: 50°C for 2 min, 94°C for 
2 min, followed by 40 cycles of 94°C for 15 s and 60°C for 30 s. 
Primers were designed using Primer Express (Applied Biosystems) 
and were located on different exons to prevent amplification of 
potentially contaminating genomic DNA. 

Following primer sequences were used: 

IL-4: fwd primer: ccatgcttgaagaagaactctagtgt 
rev primer: attcatggtgcagcttatcgatg 

IL-5: fwd primer: gaggcttcctgtccctatcataa 
rev primer: tacccccacggacagtttga 

IL-13: fwd primer: ccatctacaggacccagaggat 
rev primer: gggaggctggagaccgtagt 

Human Study 

Study subjects. Forty-two white subjects (n = 42, age 
30±7.4, 88% male) (Tab. 1) with medical history of recurrent 
allergic airway symptoms were included. The subjects were 
divided in two groups differing in total duration of airway 
challenge and time points of baseline blood sampling. In group 1 
(n = 26) blood sampling was performed on the day before and 
immediately after allergen challenge in accordance with our 
mouse model. The total duration of continuous allergen exposure 
was 4 hours in this group. In group 2 (n= 16) blood sampling was 
performed immediately before and after 2 hours of continuous 
allergen challenge. (Fig. S2B+C) Follow-up blood samples were 
collected approximately 1-3 weeks after allergen challenge to 
evaluate a return to baseline values. 

All subjects reported rhinitis symptoms (not attributed to 
infections and/or nasal abnormalities) manifesting for at least 
one year preceding the study; additionally few subjects reported 
occasional asthmatic symptoms. Sensitization to grass pollen 
allergen (Dac g, Phi p) was assessed by positive serologic and 
clinical examination (RAST [radioallergosorbent test] class 4±1.2, 
skin prick test 1 0± 2.6 mm). Subjects had discontinued eventual 
immunomodulating medication prior to airway challenge (anti- 
histamines: 72 hours; glucocorticosteroids: nasal 24 hours, 
bronchial 1 week, oral 12 weeks; other drugs potentially inducing 
enzymatic activity: 7 to 14 days). The study was approved by the 
ethics committee of the "Osterreichische Arbeitsgemeinschaft fur 
KJinische Pharmakologie" and performed between November 
2010 and April 2011 after obtaining written informed consent of 
each subject. 



Table 1. Demographic and clinical characteristics of study 
subjects. 





Group 1 


Group 2 


Total 


N 


26 


16 


42 


Sex (male) 


26 (100%) 


11 (69%) 


37 (88%) 


Age (years) 


30±7.5 


29±7.5 


30±7.4 


SPT 


10+2.6 


9.6 ±2.6 


9.8±2.6 


IgE RAST class 


4±1.2 


4±1.2 


4±1.2 


FEV1 baseline 


4.229±0.7 


3.730±0.8 


4.039+0.8 


FEV1 after 
challenge 


4.1 90 ±0.7 


3.675±0.8 


3.994+0.7 



Data are mean±standard deviation, SPT = Skin-Prick-Test, 

RAST = Radioallergosorbent Test, FEV1 =forced expiratory volume in 1 second. 

doi:1 0.1 371 /journal.pone.0086701 .t001 



Inclusion criteria. 

• Age 18-50 years. 

• Healthy individuals (medical history, physical examination and 
routine laboratory without pathological findings), except for 
allergic rhinitis and intermittent or mild asthma [14] not 
requiring treatment and associated with normal baseline lung 
function (FEV1>80%). 

• Manifest allergic symptoms, positive skin prick test (£4 mm) 
and elevated specific IgE (RAST class £2) results for grass 
pollen within the last 12 months preceding the study. 

Exclusion criteria. 

• Planned or ongoing pregnancy during the study as well as 
breastfeeding. 

• Nasal abnormalities (septum perforation, polyps, malforma- 
tions, frequent epistaxis). 

• Cold symptoms or acute infections of the upper respiratory 
tract within 3 weeks. 

• Active respiratory tract disease, other than mild asthma not 
requiring treatment. 

• Cigarette smoking within 6 months prior to study. 

• Ongoing immunotherapy and/or immunomodulating medi- 
cation. 

• Known severe illness (e.g. heart disease) or malignancy. 

• Alcohol and/ or other drug abuse. 

• Insufficient language abilities or compliance. 

• Psychological disorders causing mental or legal incapacitation. 

Materials and Methods 

A mixture of >93% pure pollen allergen (Allergon, Thermo 
Fisher Scientific) containing equal parts of pollen derived from 
Phleum pratense (phi p), Dactylis glomerata (Dac g), Lolium 
perenne (Lol p) and Anthoxanthum odoratum (Ant o) was used for 
airway challenge. The pollen were provided by the manufacturer 
with microbiological and chemical quality analysis certificates and 
dry stored at +2 to +10°C in their original containers. During 
airway challenge the pollen allergen mix was canalized into a 
feeding system (regulatory apparatus with vacuum outiet) 
connected to the air supply of the enclosed challenge chamber 
every five minutes. The allergen concentration in the challenge 
chamber was measured by persistent visual checking (Light 
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Microscope, Olympus) of adhesive coated slides that were exposed 
to a constant air flow of 9-10 1/min (approximately equal to 
human nasal inspiratory flow) for five minutes inside a modified 
pollen trap (Burkard Co Ltd., Rickmansworth, England). The 
records were then saved to an Excel® spreadsheet every 5 min 
throughout the duration of a provocation session and used as basis 
for calculation of average, standard deviation, minimum and 
maximum value for the entire provocation session. Inside the 
challenge chamber climatic conditions were kept constant 
throughout each trial by a complex external air conditioning 
system combined with a processing plant for the supply and 
exhaustion of air. Temperature (24°C), humidity (40%), C02 (%), 
air velocity (m/ s) and air flow (m /h or 1/ min) were monitored via 
several sensors (Alhborn) within the challenge chamber. 

The subjects were exposed to the allergen for 4 h (group 1) or 2 h 
{group 2) in the provocation chamber. (Fig. S2B+C) Air concen- 
tration was kept at about ~1500 pollen/m constantly (approx- 
imate air pollen concentration on a midsummer day). Every 
15 min the study participants' reported presence or absence of 
allergic symptoms, every 30 min the volume of air flow through 
the nose was measured by active anterior rhinomanometry, 
permitting indirect conclusions about the extent of swelling in the 
nasal mucosa and every 60 min spirometry was performed to 
assess changes in lung function (FEV1, FVC) for safely reasons. 

Differential Blood Cell Counts in Humans 

Peripheral venous blood was sampled in ethylenediamine 
tetraacetic acid (EDTA) tubes at two time-points: on the day 
before (group 1) as in the mouse model or immediately before (group 
2) and immediately after allergen challenge (both groups); a third 
blood sample (follow-up) was collected between 6 and 2 1 days after 
the allergen challenge sessions. EDTA blood samples were stored 
at +2°C to +10°C and analyzed within 2 days at an ISO 9001- 
certified laboratory (Labors Mtihl-Speiser, Vienna, Austria) 
performing total and differential blood cell counts. 

Statistical Analysis 

Continuous variables with a normal distribution are expressed 
as mean ± standard deviation (SD) or as median (minimum, 
maximum) if assumption of normal distribution was violated. 
Statistical comparisons between groups were made either by 
unpaired t-tests if data were normally distributed within groups or 
by Wilcoxon rank-sum test otherwise. Differences in before and 
after (paired) measurements are tested by paired t-test, if the 
differences were approximately normally distributed and by 
Wilcoxon's signed rank test otherwise. All tests are based on a 
two-sided significance level of 0.05. The statistical software SPSS® 
(version 17.0 for Windows) was used for all statistical calculations. 

Results 

Mouse Model 

Airway challenge with specific allergen and nonspecific 
antigen results in a significant reduction of motor activity in 
sensitized mice. The physical activity of mice was recorded 
before and after aerosolizations by counting the rearings (Z-axis 
movements) using an infrared beam at three different time-points; 
before, immediately after challenge and 48 hours later. Regardless 
of the allergen/antigen used for provocation of the airways, 
physical activity was drastically reduced in both mouse groups 
(Fig. 1), mirroring the clinical impairment in human patients. At 
the 48 hour time point, activity continued to be significandy 
reduced, irrespective of the agent used for challenge. 
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Figure 1 . Physical activity after airway challenge. Rearing of Phi p 
5-allergic in allergen (red squares) or nonspecific antigen (black points) 
challenged mice. Data are mean ± SD and n = 5 mice/group. ***, 
p<0.001. 

doi:10.1 371/journal.pone.0086701 .g001 

Peripheral erythrocyte parameters and leucocyte 
numbers after specific allergen aerosol challenges in 
sensitized mice. After aerosol challenge we observed signifi- 
cant decreases of peripheral red blood cell counts (RBC), 
hemoglobin (HGB) and hematocrit (HCT) compared to baseline 
values, suggestive of increased redistribution and dynamics of 
erythrocytes upon challenge with a specific allergen, and less with 
an irrelevant antigen (Fig. 2, A-C). 

White blood cell counts (WBC) decreased in arterial blood of 
mice hypersensitive to Phi p 5, in the allergen-aerosol exposed 
group but remained almost unchanged in the group nebulized 
with control antigen OVA (Fig. 2D). 

Allergen-specific, but less non-specific respiratory 
challenge, is associated with lymphoid airway 
inflammation. Systematic uniform random samples (SURS) 
were collected from the entire lung and analyzed for goblet cell 
metaplasia, mucus production, lymphoid follicles and infiltration 
of the airways with eosinophils 64 hours after aerosol challenge 
(Fig. 3 and 4). In contrast to mice challenged with the allergen Phi 
p 5, mice immunized with Phi p 5 but challenged with OVA 
hardly exhibited any goblet cell metaplasia (Fig. 3A) or mucus 
production (Fig. 3B and C— E). Moreover, total volume of 
lymphoid follicles found peribronchially together with qualitative 
microscopic observations indicated that more and larger lymphoid 
follicles were present after mice were challenged with the specific 
allergen compared to OVA (Fig. 4A and C-E). Peripheral counts 
of lymphocytes were not affected (data not shown). Determining 
the percentage of airway walls containing eosinophils in the fields 
of view (FOVs) showed that eosinophilic infiltration was signifi- 
candy increased in both, OVA and Phi p 5 challenged allergic 
mouse groups compared to naive controls (Fig. 4B). 

Phlp 5 sensitized mice aerosolized with the specific 
allergen exhibited higher Th2 cytokine mRNA production 
in lung tissue and splenocytes. As a measure for systemic 
immune deviation, expression of Th2 associated cytokines of 
spleen cells was investigated and compared to local effects in lungs. 
The spleens and the left lung of each mouse were isolated 64 hours 
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Figure 2. Specific and nonspecific airway provocation of allergic mice: impact on blood cells. (A) RBC, (B) HGB and (C) MCT levels of 
naive, non-sensitized versus sensitized and Phi p 5 nebulized (red squares) and OVA challenged mice (black points) after airway challenge. Data are 
mean ± SD and n = 5 mice/group. *, p<0.05, ** p<0.01 and n.s. means not significant. (D) White blood cell counts (WBC) from naive versus 
sensitized and Phi p 5 challenged (red squares) or OVA aerosolized mice (black points). 
doi:1 0.1 371 /journal.pone.0086701 .g002 



after the last treatment. Relative expression of IL-4, IL-5 and 
IL-13 mRNA levels was quantified by qRT-PCR. 

Aerosol challenges of Phi p 5-sensitized mice with OVA did 
neither elevate Th2 cytokine mRNA in spleens nor in lungs, as 
compared to naive animals. As expected, challenges with the 
specific allergen Phi p 5 induced Th2 cytokine mRNA production 
in lungs and even more significantly in spleens (Fig. SI). These 
data indicate that significant transcription of IL-4, IL-5 and IL- 1 3 
is initiated as a consequence of specific allergen challenge and that 
it is a systemic event. 

Human Subjects 

Peripheral erythrocyte numbers and hemoglobin 
decrease after specific allergen challenge in grass-pollen 
sensitized rhinitis subjects. Analogous to our findings in 
mice, the overall RBC counts were significandy decreased in 
sensitized subjects immediately after allergen airway challenge 
compared to baseline values (p<0.01); similarly HGB levels were 
reduced (p<0.05). These findings were significant in subjects 
exposed to grass pollen allergens for 4 h {group 1), however were 



not found in the smaller subject group exposed to allergen for 2 h 
only (group 2). The changes in HCT, MCV (mean corpuscular 
volume), MCH (mean corpuscular hemoglobin) or MCHC (mean 
corpuscular hemoglobin concentration) after allergen challenge 
did not reach statistical significance in any group (Tab. 2). In the 
follow-up blood samples no significant differences in RBC count, 
HGB or HCT were noted when compared to the respective 
baseline values before allergen challenge. 

Segmented neutrophils increase after allergen challenge 
in sensitized human subjects. In contrast to the described 
outcomes in aerosol-challenged mice we found significandy 
elevated peripheral leukocyte numbers immediately after allergen 
challenge in the grass-pollen sensitized human subjects (p<0.001) 
independent of the allergen exposure duration (4 h or 2 h; in group 
1 or group 2) (Fig. S3A). As depicted in Fig. S3B the most 
outstandingly increased leukocyte subset was that of segmented 
neutrophils (p<0.001 in both groups). In subjects who underwent 
4 h of continuous allergen challenge absolute basophil numbers 
(p<0.05) were also significantly increased compared to baseline 
(pre-challenge) values. Overall post-challenge eosinophil numbers 
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Figure 3. Goblet cell metaplasia, mucus production, lymphoid follicles and infiltration of airways with eosinophils after aerosol 
challenge. (A) Volume of epithelial mucus, (B) fraction of epithelial basal membrane covered by goblet cells. Representative lung histology from (C) 
Phi p 5 sensitized and OVA challenged (D), Phi p 5 sensitized and Phi p 5 challenged (E) naive mice. Data are presented by boxplots (median, 
quartiles, minimum and maximum) and n = 5 mice/group. *, p<0.05. 
doi:1 0.1 371 /journal.pone.0086701 .g003 



did not significantly differ from baseline values; also no clear trend 
was found for lymphocyte dynamics in the subgroup analysis. 
(Tab. 2) In the follow-up blood samples no significant dynamics 
were found in the leukocyte subsets, when compared to baseline 
values before allergen challenge, except for a shift in relative 
basophil ratio (p<0.05, data not shown) without significant 
changes in total basophil numbers. 

Thrombocyte numbers increased after allergen exposure in 
both groups; however a statistical significance was only found in 
subjects after 2 h of continuous allergen challenge (p<0.01). In the 
follow-up blood samples, thrombocyte counts did not differ 
significandy from the respective baseline values. 

Discussion 

In the present study we evaluated the local and systemic effects 
of specific allergen and non-specific antigen challenges in 
sensitized mice compared to data gained from airway challenges 
in human allergic rhinitis subjects at the Vienna Challenge 
Chamber. After allergen-specific as well as non-specific airway 
challenge in our study motor activity in mice immediately 
decreased and remained low until more than 48 hours after 



challenge which corresponds to sustained physical impairment in 
asthmatic patients [15] and allergic rhinitis patients [16]. 

In mouse models the degree of overall airway inflammation, 
depends on the experimental protocol used. [6] Here [17] 
immunization and aerosol challenges with Phi p 5 as the specific 
allergen rendered modest induction of mucus production, 
lymphoid follicle formation and eosinophilic infiltration in the 
proximal parts of the airways. Nebulization with the irrelevant 
antigen rendered milder inflammation and smaller lymphoid 
infiltration. 

The levels of different Th2-associated cytokines and mRNA 
increased upon allergen challenge (SI) from splenocytes and lung 
tissues indicating systemic and local immune bias. The Th2-type 
lung inflammation was less pronounced upon non-specific aerosol 
challenge. IL-4 and IL-13 not only play a pivotal role in the 
production of IgE antibodies, but also contribute to narrowing of 
the airways. IL-4 also causes epithelial cells to swell and increases 
the contractibility of airway smooth muscle cells, thereby playing 
an essential role in AHR. [18,19] IL-13 supports goblet cell 
metaplasia and mucus production. [20] Counter-regulation of Th2 
cytokines also has therapeutic implications in allergic rhinitis. [21] 
IL-5 is primarily engaged in the recruitment of eosinophils, which 
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Figure 4. Aerosol allergen challenge specifically attracts leukocytes to lungs. (A) Volume of lymphoid follicles V/S (fol, epi) per total surface 
area of airway epithelial basal membrane [urn] (B) and percentage of airway walls containing eosinophils in fields of view (FOVs). Lung histology 
representatives with respect to lymphoid follicles from Phi p 5 sensitized and (C) OVA challenged or (D) Phi p 5 challenged and (E) naive mice. Data 
are presented by boxplots (median, quartiles, minimum and maximum) and n = 5 mice/group. *, p<0.05, **, p<0.01 and n.s. means not significant. 
doi:1 0.1 371 /journal.pone.0086701 .g004 



negatively correlate with nasal airflow in asthma and rhinitis 
patients. [7] In our study, eosinophilic infiltration of the airways 
occurred to a comparable extent in both, specifically and non- 
specifically challenged sensitized mouse groups. 

In mice, we observed a substantial decrease of red blood cell 
count, hemoglobin and hematocrit levels immediately following 
specific airway allergen challenge, with twofold significance upon 
specific provocation with Phi p 5. 

We addressed the relevance of these phenomena in human grass 
pollen-sensitized rhinitis subjects undergoing respiratory airway 
challenge in the Vienna Challenge Chamber. [22-24] Like in the 
mouse study a significant decrease in erythrocyte and hemoglobin 
levels in the peripheral blood of the subjects was found after 
inhalative allergen challenge over 4 hours. The drop in circulating 
erythrocytes may to some extent be attributed to minor interstitial 
bleedings previously described as micro-epistaxis; [25] however 
taking the analogous results from our mouse model into 
consideration, we assume a compensatory re-distribution of 
erythrocytes to the respective site of inflammation for oxygen 
loading. Since erythrocytes may induce hypoxic lung inflamma- 
tion, [26] the changes in erythrocyte counts upon allergen- 
challenge may also indicate a participation of the lungs in early 
wheezing, compatible with the United Airways concept. [27] No 
reports on effects of allergic asthma or rhinitis on red blood cell 
counts have been made so far, except sporadic evidence suggesting 



that human asthmatics may experience a decrease of hematocrit 
during recovery from acute episodes. [28] Our findings that acute 
allergic airway episodes are associated with in a significant fall of 
peripheral erythrocyte counts explain the facial pallor of the 
patients [29] and may contribute to the perception of respiratory 
discomfort [30]. 

The drop of leukocytes upon allergen challenge in the mouse 
study is in accordance with a previous observation in anaphylaxis, 
[31] but opposed the results from the human allergic subjects in 
our study, where peripheral leukocyte counts significantly 
increased after allergen challenge. A subset analysis showed that 
human segmented neutrophils and to some extent basophils 
accounted for the total leukocyte elevation, without relevant 
changes in less matured neutrophils or eosinophils. Neutrophils are 
known to have a crucial function in the allergy-mediated 
inflammatory response, for instance by release of proteases, 
[19,20] myeloperoxidase (MPO) or elastase. [32-35] Neutrophils 
were elevated in blood and sputum after specific bronchial 
challenge in asthmatics; recently a rise in leukocytes in the delayed 
asthmatic response was observed proposing the monitoring of 
peripheral blood cell counts as a useful supplementary parameter 
to bronchial allergen challenge. [36,37] In intermittent allergic 
rhinitis neutrophils are elevated in nasal lavage fluid within an 
hour after local allergen exposure and correlate with rhinitis 
symptoms. [38] Although conducted in allergic rhinitis rather than 
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Table 2. Changes in number of peripheral blood cells before and after airway challenge with grass-pollen mix in subjects with 
allergic rhinitis, after 4 h {group 7) or 2 h {group 2) of allergen exposure; follow-up data shows the respective blood cell counts 
6-21 days after airway allergen challenge. 







All subjects (n 


= 42) 




Subgroups 
















Group 1 (n = 26) 




Group 2 (n = 1 6) 




Allergen challenge 
















status 


baseline 


after 


follow-up 


baseline 


after 


baseline 


after 


Red blood cells 


5 (4.1, 5.7) 


4.95 (4.1, 5.7)** 


5,0/ (4.2, 5.6) 


5.08 (4.54, 5.57) 


5 (4.46, 5.4)** 


4.8 (4.1, 5.7) 


4.85 (4.1, 5.7) 


(RBQx)O' 2 // 
















HGB g/dl 


15 (13.2, 16.4) 


14.7 (13.3, 16.4)* 


15 (12.8, 16.7) 


15.1(14.0, 16.1) 


14.65 (13.7, 


14.65 (13.2, 16.4) 


14.7 (13.3, 16) 












16.4)** 








HCT % 


44 (39, 49) 


44 (39, 49) 


44 (39, 49) 


45 (42, 49) 


43 (41, 49) 


44 (39, 49) 


44 (39, 48) 




MCV femtoliters/cell 


89 (82, 95) 


89.5 (82, 98) 


89 (82, 98) 


89 (82, 95) 


90 (82, 95) 


88.5 (82, 95) 


88.5 (82, 98) 




MCH picograms/cell 


30 (27, 33) 


30 (27, 33) 


30 (27, 33 f 


30 (27, 32) 


30 (27, 32) 


30 (27, 33) 


29.5 (27, 33) 




MCHC g/dl 


34 (32, 36) 


33 (32, 35) 


34 (32, 35) 


34 (32, 35) 


33 (32, 35) 


34 (32, 36) 


34 (32, 35) 


Leukocytes 


6.4 (3.9, 1 0.4) 


7.4 (4.3, 11.4)*** 


6.33 (2.7, 12.7) 


6.74 (3.91, 9.26) 


7.8 (4.49, 


5.45 (3.9, 10.4) 


6.4 (4.3, 1 1 .4)** 


(WBQx)O 9 // 










10.89)*** 






Segmented 


3.05 (1.95, 7.1) 


4.37 (1.9, 7.69)*** 


3.29 (0.9, 8.9) 


3.12 (1.95, 5.88) 


4.58 (1.92, 


2.7 (2, 7.1) 


3.4 (1.9, 7.1)** 


neutrophils x/0 9 // 










7.69)*** 






Band 


0.1 (0, 0.3) 


0.1 (0, 0.3) 


0. 1 (0, 0.3) 


0.1 (0.1, 0.3) 


0.1 (0.1, 0.2)* 


0.1 (0, 0.2) 


0.1 (0, 0.3) 


neutrophils x/0 9 // 
















Eosinophils x/0 9 // 


0.22 (0.08, 0.65) 


0.2 (0.05, 0.6) 


0.27 (0.08, 0.66) 


0.23 (0.1, 0.53) 


0.19 (0.05, 0.5) 


0.21 (0.08, 0.65) 


0.25 (0.1, 0.6) 




Basophils x/0 9 // 


0.04 (0.01, 0.15) 


0.06 (0.02, 0.12)* 


0.06 (0.02, 0.13) 


0.05 (0.03, 0.15) 


0.06 (0.02, 0.12) 


0.04 (0.01, 0.07) 


0.06 (0.02, 0.07)** 




Monocytes x/0 9 // 


0.32 (0.2, 0.66) 


0.37 (0.1, 0.68) 


0.39 (0.19, 0.58) 


0.34 (0.20, 0.66) 


0.38 (0.24, 0.68) 


0.3 (0.2, 0.5) 


0.3 (0.1, 0.5) 




Lymphocytes x/0 9 // 


2.06 (1.1, 3.58) 


2.05 (1.2, 3.3) 


1.94 (0.91, 3.14) 


2.22 (1.22. 3.58) 


1.98(1.31, 2.86)* 


1.85 (1.1, 2.6) 


2.15 (1.2, 3.3)* 


Thrombocytes x /0 9 // 


239 (153, 418) 


246 (159, 452)** 


235 (170, 409) 


232.5 (153, 341) 


239 (159, 346) 


269 (160, 418) 


275 (170, 452)** 



Data are median (minimum, maximum); *p<0.05, **p<0.01, ***p<0.001 compared to baseline values; 
a Significantly more intra-individual decreases than increases from baseline. 
doi:1 0.1 371 /journal.pone.0086701 .t002 



in bronchial asthma subjects, we also report a significant elevation 
of absolute and relative peripheral neutrophil numbers after 
allergen challenge. This reflects a first-line innate immune system 
response and supports the assumption that allergic rhinitis, like 
asthma, is a systemic condition [3,39]. 

Taken together, we report significant peripheral blood cell 
dynamics as a non-classical parameter in acute allergic airways 
disease; in line with published data we confirm that white blood 
cells counts, specifically segmented neutrophils, significantly rise 
upon specific respiratory allergen challenge in human allergic 
rhinitis subjects. However, we consider the decrease in erythro- 
cytes upon allergen challenge in sensitized mice as well as in 
human subjects as the most significant and novel result of our 
study. This finding may explain the profound systemic impairment 
of patients upon to specific and non-specific antigen inhalation. 

Supporting Information 

Figure SI Nebulization of allergic mice with the aller- 
gen increases local and systemic Th2 mRNA cytokine 
levels. (A) IL-4, (B) IL-5 and (C) IL-13 mRNA levels from 



spleens (left) and lungs (right) of challenged mice. Naive organs 
served as negative controls. Data are presented by boxplots 
(median, quartiles, minimum and maximum) and n = 5 mice/ 
group. *, p<0.05. 
(TIF) 

Figure S2 Schematic protocol flow chart for allergen 
challenge in grass pollen-sensitized allergic rhinitis 
subjects, compared to the mouse model (A), and blood 
sampling after 4 h [group 1) (B) or 2 h {group 2) (C) of 
continuous allergen exposure. 
(TIF) 

Figure S3 Changes in peripheral blood cell counts in 
subjects after allergen challenge. (A) White blood cells 
count and especially (B) total segmented neutrophils are 
significandy elevated after airway challenge. Data are represented 
by boxplots (median and quartiles) and n = 42. ***, p<0.001 
respectively. 
(TIF) 
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